Abstract. The Rico paleothermal anomaly, southwestern Colorado, records the effects of a large hydrothermal system that was active at 4 Ma. This hydrothermal system produced the deep Silver Creek stockwork Mo deposit, which formed above the anomaly's heat source, and shallower base and precious-metal vein and replacement deposits. A 65 Ma hornblende latite porphyry is present as widespread sills throughout the area and provided a homogeneous material that recorded the effects of the hydrothermal system up to 8 km from the center. Hydrothermal alteration in the latite can be divided into a proximal facies which consists of two assemblages, quartz-illite-calcite and chlorite-epidote, and a distal facies which consists of a distinct propylitic assemblage. Temperatures were gradational vertically and laterally in the anomaly, and decreased away from the central heat source. A convective hydrothermal plume, 3 km wide and at least 2 km high, was present above the stockwork molybdenum deposit and consisted of upwelling, high-temperature fluids that produced the proximal alteration facies. Distal facies alteration was produced by shallower cooler flttids. The most important shallow base and precious-metal vein deposits in the Rico district are at or close to the boundary of the thermal plume. Latite within the plume had a large loss of Na20, large addition of CaO, and variable SiOz exchange. Distal propylitized latite samples lost small amounts of Na20 and CaO and exchanged minor variable amounts of SiOa. The edge of the plume is marked by steep Na20 exchange gradients. Na20 exchange throughout the paleothermal anomaly was controlled by the reaction of the albite components in primary plagioclase and alkali feldspars. Initial feldspar alteration in the distal facies was dominated by reaction of the plagioclase, and the initial molar ratio of reactants (alkali feldspar albite component to plagioclase albite component) was 0.35. This ratio of the moles of plagioclase to alkali feldspar albite components that reacted evolved to 0.92 as the reaction progressed. Much of the alkali feldspar albite
Introduction
in 1980, Naeser et al. reported that partial annealing of fission tracks in apatite and zircon in 65 Ma hornblende latite porphyry sills ( Fig. 1 ) increases systematically towards the center of the Rico dome, just east of the old mining town of Rico, Colorado. Naeser et al. 0980) and Cunningham et al. (1987) interpreted this pattern to reflect the presence of a young heat source near this center. At about the same time, geochemical exploration and drilling by the Anaconda Company led to the discovery of the deep, large, 4-Ma Silver Creek stockwork molybdenum deposit (Barrett etal. 1985; Larson 1987) . Isotopic dating of intrusive rocks and vein minerals (Naeser et al. 1980) indicate that the hydrotherreal system related to this heat source produced all of the known ore deposits in the Rico district, and also produced alteration patterns in the latite which extend up to 8 km from the stockwork Mo deposit. These thermal and hydrothermal effects have been designated the Rico paleothermal anomaly (PTA) by Cunningham et al. (1987) .
The young age of the hydrothermal system and the ore deposits relative to the host rocks (Precambrian through Cretaceous), the deep drilling, and the presence of a single large hydrothermal system make the Rico PTA ideal for study of the processes of water-rock inter-200 action in a continental hydrothermal environment. One km of topographic relief and 1.5 km of diamond drill core provide a vertical interval of more than 2.5 km (more than 8000 ft) from which altered rocks can be sampled. The investigation of the effects of water-rock interaction in the PTA has concentrated on the altered hornblende latite porphyry because: (1) it is widespread throughout the dome and, therefore, records the effects of the PTA from the central heat source to near its known spatial limits, (2) the latite initially had a relatively uniform mineralogy and composition and, thus, the effects of chemical variations in this reactant are normalized, and (3) apatites and zircons from the latite were used by Naeser et al. (1980) to define the PTA. Latite has been collected from throughout the area (Fig. 1) , including the localities where Naeser et al. initially collected their fission track samples. The effects of waterrock interaction in forming the ore deposits and the surrounding PTA can, therefore, be interpreted using the time-temperature history of the PTA as measured by the partial to total annealing of the apatite and zircon ages.
Water-rock interaction has produced a variety of mineral assemblages in the latite and has both added and removed major-element components in most samples. The mineral assemblages and their distribution in the alteration facies are described here along with the latite whole-rock major-element compositions and the distribution and compositions of the product and reactant phases. These data are used to define reaction progress and time-integrated mass exchange for some of the major elements that were transported by the hydrothermal fluid. An upright cylindrical volume of altered rock is present directly above the stockwork Mo ,deposit; we interpret this to mark the location of a hydrothermal plume above the PTA's heat source (Larson and Zimmerman 1991).
Geology of the Rico dome
The Rico dome (Fig. 1) is located in southwestern Colorado near the western margin of the San Juan volcanic field (Stevcn and Lipman 1976). Excellent descriptions and maps of the gology of the dome are by Cross and Spencer (1900), Ransome (1901) , Cross and Ransome (1905) , Bush and Bromfield (1966) , Pratt et al. (1969 ), McKnight (1974 ), and Pratt (1976 . Recent summaries of the geology and ore deposits of the dome are in McKnight (1974) , Naeser et al. (1980) , Larson (1987), and Barrett et al. (1985) .
The 12 km diameter dome consists of more than 3 km of Paleozoic and Mesozoic sedimentary rocks that have been uplifted more than 1 kin. West and northwest trending fault zones intersect in the east-central part of the dome (Fig. 1) and bound a horst of Precambrian greenstone and quartzite at the center of the dome.
There have been two episodes of magmatic activity. The earliest includes two contemporaneous and cogenetic intrusive rocks, hornblende latite porphyry and augite monzonite, which were emplaced about 65 Ma (McKnight 1974; Naeser et al. 1980 ). The latite occurs as sills and dikes throughout the district, and the monzonite forms a 2.5-kin elongate east-west trending stock in the west-central part of the dome (Fig. 1 ). It appears that no mineralization or alteration were associated with these Laramide-age intrusions. The monzonite is unaltered except along its northern exposure where it is bounded by the east-west fault zone. The younger episode of magmatic activity is characterized chiefly by basaltic, andesitic, rhyolitic, and lamprophyric dikes. One small rhyolitic stock is exposed at Calico Peak (the Calico Peak Prophyry) near the western end of the dome (Larson and Taylor 1987) . Isotopic dating of these rocks yields ages between 3.4 and 4.5 Ma, contemporaneous with hydrothermal activity in the district (Naeser et al. 1980 ).
Data acquisition
Forty-two samples of the hornblende latite porphyry were collected from throughout the dome (Table 1, Fig. 1 ). The augite monzonite T ~)1~"" i*. ~ ~k ,lb COLORADO , ',6.. ., .,,co
' '2 km / FAULT 9 SAMPLE Fig. 1 . Geologic map of the Rico dome, Colorado, showing the distribution of the hornblende latite porphyry, augite monzonite, the central horst of Precambrian rocks, and major faults (modified from Pratt et al. 1969; McKnight 1974, and Pratt 1976) . Sample locations are also shown. The dark heavy cross shows the surface projection of the center of the Silver Creek molybdenum deposit. A vertical pole here is the center for the composite radial cross sections (Figs. 3, 4 , and 8)
